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Introduction
Ti ght glycemic control has been shown to reduce the risk of complications in patients with type 1 and type 2 diabetes. 1, 2 Frequent blood glucose (BG) measurements are an integral part of intensive diabetes management; however, therapy adjustment is still based on few single spot glucose values. Several devices for continuous glucose measurement in the subcutaneous tissue, using needle-type glucose sensors or the microdialysis technique, have become available. Contradictory results have been published concerning the relationship between blood glucose and interstitial fluid glucose levels [3] [4] [5] [6] ; however, several studies have suggested that differences between blood glucose and interstitial glucose concentrations seem to be negligible. 3, 7, 8 Some investigators have reported that differences between interstitial glucose concentrations and blood glucose concentrations seem to increase during rapid changes of glucose concentrations [8] [9] [10] with a time delay of tissue glucose changes versus blood glucose changes of about 2-10 minutes, 7, 11, 12 whereas another published study found no significant difference between interstitial fluid glucose and capillary blood glucose concentrations during an oral glucose load. 13 Regarding the increasing clinical application of continuous glucose monitoring devices, detailed knowledge about postprandial interstitial glucose excursions in nondiabetic subjects is essential for the interpretation of postprandial tissue glucose traces in diabetic patients. This study investigated continuous glucose profiles in healthy subjects by means of the microdialysis technique under everyday life conditions and after ingestion of meals with a standardized amount of carbohydrates, but with different glycemic indices and variable fiber, protein, and fat content.
Subjects and Methods

Study Subjects
The study was performed in 24 
Experimental Protocol
Study participants arrived at the study site between 4:00 and 6:00 pm on day 1. After physical examination and repeated evaluation of inclusion and exclusion criteria, two microdialysis catheters (CMA-60, CMA Microdialysis, Sol na, Sweden) were placed i n t he abdom i na l subcutaneous tissue for continuous glucose monitoring (subcutaneous continuous glucose monitor, SCGM1, Roche Diagnostics, Mannheim, Germany). On days 2 and 3, subjects received standardized meals for breakfast (7:30 am, meals 1 and 3) and lunch (12:30 pm, meals 2 and 4), and free choice dinner (6:00 pm) from a buffet. The four meals contained equal carbohydrate amounts (50 grams); meals 1 and 2 were supposed to exhibit fast absorption characteristics, whereas meals 3 and 4 were supposed to exhibit slow absorption characteristics because of lower glycemic indices of the components, as well as higher fiber, protein, and fat content ( Table 1 ). In the evening of day 3, study participants left the study site and followed their usual daily routine at home until the evening of day 5. Subjects were asked to have breakfast, lunch, and dinner at the same time points as on days 2 and 3 (7:30 am, 12:30 pm, 6:00 pm) and to take pictures of the ingested meals for retrospective estimation of the meal composition ( Table 2) . addition, after ingestion of meals 1 and 3 (for breakfast on days 2 and 3), frequent venous blood samples were drawn for comparative determination of venous BG concentrations (7:30-8:30 am: every 10 minutes; 8:30-9:30 am: every 15 minutes; 9:30 am-12:30 pm: every 30 minutes).
Subcutaneous Continuous Glucose Monitoring
The subcutaneous continuous glucose monitor (SCGM1, Roche Diagnostics) is based on the microdialysis technique. The microdialysis catheter (CMA-60, CMA Microdialysis) is connected to the glucose monitoring device via short tubing. The microdialysis catheter is perfused with Ringer's solution at a flow rate of 0.3 µl/min, and the glucose oxidase solution is added to the dialysate before entering the glucose sensor chamber, as described in detail elsewhere. 14, 15 Time-averaged glucose signals are recorded every minute, enabling high temporal resolution recordings of interstitial glucose concentrations. Because of the low perfusion rate, a full equilibrium across the membrane is believed to occur. 3, 8 The physical lag time of the system is approximately 38 minutes. The SCGM1 device allows continuous interstitial glucose monitoring for up to 5 days. In this study, each subject wore two SCGM1 devices simultaneously, and glucose measurements were started after a run-in phase of about 12 hours.
For calibration of the SCGM1 devices, 16 capillary BG measurements per day were performed in duplicate using the Accu-Chek Active system (Roche Diagnostics, Mannheim, Germany; Accu-Chek is a trademark of Roche), which is integrated in the SCGM1 device and calibrated for whole blood glucose. The model for retrospective calibration of the SCGM1 devices comprised intercept and slope parameters, compensation of the system drift, and a correction of the physical lag time. In order to achieve a continuous signal as reliable as possible, a method was developed that generated a single glucose curve, taking into account the signals of the two SCGM1 systems used simultaneously in one subject and the capillary blood glucose measurements. The single glucose curves were merged into one with weighting factors depending on the reliability of the single curves at each moment; these factors were derived from the deviation between the single curves and the reference curve, generated from reference blood glucose concentrations by cubic splining. This procedure allowed one single system glucose curve to overrule the other system's signal when the latter was disturbed. The mean absolute relative error of the single systems was 11.0 ± 12.3%; Clarke error grid analysis 
Statistical Analysis
Results are given as means ± SD, unless stated otherwise. Mean interstitial glucose values under everyday life conditions were obtained by first calculating the mean 24-hour glucose profile out of 2 days monitoring per study subject and then calculating the mean of the study subjects. Differences between areas under the curve (AUC) of postprandial interstitial glucose traces were evaluated by one-way analysis of variance, followed by the Scheffé test.
Results
Everyday Life Conditions
Continuous interstitial glucose profiles under everyday life conditions were available in 21 out of 24 healthy subjects; in the remaining 3 study participants, data were not available because of technical failure of the glucose monitoring devices. Representative 24-hour glucose traces of 2 study participants are shown in Figure 1 . The mean 24-hour interstitial glucose trace under everyday life conditions is shown in Figure 2 .
The mean 24-hour interstitial glucose concentration was 89.3 ± 6.2 mg/dl (range 79.2-101.3 mg/dl), with a mean glucose concentration of 93.0 ± 7.0 mg/dl at daytime (7 am to 11 pm) and 81.8 ± 6.3 mg/dl during the night (11 pm to 7 am). Minimum and maximum interstitial glucose values, observed under everyday life conditions, were 59 and 168 mg/dl, respectively. The percentage of time spent in different glucose ranges is shown in Figure 3 .
Preprandial and postprandial interstitial glucose concentrations after the ingestion of free choice meals under everyday life conditions are shown in Table 3 ; postprandial AUC are shown in Figure 4 .
Premeal capillary BG concentrations were 80.9 ± 7.8, 80.8 ± 6.8, and 84.8 ± 8.4 mg/dl before breakfast, lunch, and dinner, respectively.
Standardized Meals
Mean interstitial glucose traces after the ingestion of standardized meals, as well as AUC of postmeal glucose traces, are shown in Figure 5 . Meal 1 (rice pudding with sugar and cinnamon, 7:30 am) and meal 2 (toast, honey, jam, curd cheese, orange juice, 12:30 pm), both supposed to exhibit fast absorption characteristics, induced a higher and shorter-lasting increase in glucose concentrations than meal 3 (kidney beans, wholemeal bread, salami, cheese, 7:30 am) and meal 4 (grilled salmon, broccoli, carrots, wild rice, cream, 12:30 pm), which were supposed to exhibit slow absorption characteristics. Especially after ingestion of meal 3, significantly lower postprandial glucose values and AUC were observed. Data are shown in Table 4 and Figure 5 .
80 mg/dl. The highest postprandial increase in interstitial glucose concentrations was observed after breakfast (peak 132.3 ± 16.7 mg/dl, range 101-168 mg/dl), and mean time to peak glucose was between 46 and 50 minutes. Previous studies investigating blood glucose concentrations in healthy subjects have demonstrated similar results for fasting glucose and postprandial peak glucose levels. [16] [17] [18] [19] To our knowledge, only few data about continuous glucose profiles in nondiabetic subjects are available. [20] [21] [22] [23] Continuous interstitial fluid glucose monitoring using a needle-type glucose sensor (CGMS ® , Medtronic MiniMed) showed an average glucose value of 95.4 mg/dl in normal individuals with peak and nadir glucose levels of 140.4 ± 25.2 and 70.2 ± 12.6 mg/dl 23 ; in pregnant women a mean interstitial fluid glucose concentration of 83.7 ± 18 mg/dl and a mean postprandial peak glucose concentration of 110.1 ± 16 mg/dl were observed. 22 Investigation of postprandial glucose concentrations using two viscosimetric affinity sensors, one placed in the forearm and the other one in the abdominal tissue, showed similar results for venous blood glucose values and interstitial glucose values with a mean peak tissue glucose concentration of about 120 mg/dl. 21 In our study, tissue glucose concentrations in nondiabetic subjects were below 140 mg/dl during 99.2% of the total day, whereas other studies investigating continuous glucose profiles in type 1 and type 2 diabetic patients demonstrated that glucose concentrations were above 140 mg/dl during about 60% of the total day 24 or above 180 mg/dl during about 30% of the total day, 25 respectively. Postprandial hyperglycemic excursions are a major problem, and increasing efforts are recommended to reduce postprandial hyperglycemia in diabetic patients. 26 Regarding the recent availability of continuous glucose monitoring devices with an online display of glucose concentrations, interstitial fluid glucose values will be integrated in therapeutic decisions more and more. However, up until now postprandial interstitial glucose target ranges have not been defined.
We have investigated interstitial fluid glucose profiles after ingestion of standardized meals with identical carbohydrate amount, but with different types of carbohydrates and different fiber, protein, and fat content in order to evaluate the variability of postprandial glucose traces in nondiabetic subjects. The highest postprandial interstitial glucose concentrations were observed after ingestion of meals with fast absorption characteristics; peak glucose concentrations were 133.2. ± 14.4 and 137.2 ± 21.1 mg/dl after ingestion of meal 1 (rice pudding with sugar and cinnamon) and meal 2 (toast with honey, jam, curd cheese, and orange juice), 
Discussion
This study investigated continuous interstitial fluid glucose profiles in healthy subjects by means of the microdialysis technique. Each subject wore two glucose sensors simultaneously. The two continuous glucose traces were merged to one curve by a standardized procedure in order to exclude technical artifacts as far as possible. Calibration was performed with 16 blood glucose measurements per day.
Under everyday life conditions, the mean 24-hour interstitial fluid glucose concentration was about 90 mg/dl and the mean fasting glucose concentration was about respectively. After ingestion of meal 3 (kidney beans, wholemeal bread, salami, and cheese) and meal 4 (grilled salmon, broccoli, carrots, thoroughly boiled wild rice, and cream) peak glucose concentrations were 99.2 ± 10.5 and 122.1 ± 20.4 mg/dl, respectively.
Areas under the postprandial tissue glucose curve after ingestion of meals 1 and 2 showed the highest values in the first 2 hours and a rapid decline after 2 hours (Figure 5) . A similar pattern of postprandial tissue glucose values was observed after breakfast under everyday life conditions (Figure 4) , probably because of the intake of a higher percentage of fast-absorbing carbohydrates with breakfast. In contrast, meal 3 induced only a small, flat increase in tissue glucose concentrations. Meal 4, as well as lunch and dinner under everyday life conditions, induced a prolonged increase in tissue glucose concentrations with the highest areas under the curve in the first 2 hours and a slow decline thereafter (Figures 4 and 5) . These data confirm that meal composition-dependent differences in postprandial blood glucose levels are also reflected in postprandial interstitial fluid glucose traces. In accordance with our results, it has been demonstrated that interstitial fluid glucose values (CGMS, Medtronic MiniMed) do not differ significantly from capillary blood glucose values after ingestion of foods with a different glycemic index. 27 The presented results, demonstrating continuous glucose profiles and postprandial interstitial glucose excursions in nondiabetic subjects, might be helpful for the evaluation of glucose target ranges in diabetic patients. Normative interstitial glucose values are essential for conventional diabetes therapy, as well as for the further development of subcutaneous closed loop or semiclosed loop systems. In addition, data suggest that detailed information about the meal composition is important for the interpretation of postprandial glucose traces and for adequate therapy adjustment.
